Using functional magnetic resonance imaging (fMRI), we that correlated with change and maintenance of a percontinuously recorded brain activity of human observers cept, respectively. Medial temporal activity did not follooking at a noisy visual stimulus field that contained low perception but increased during hysteresis and the hidden shape of a letter (Figure 1 ; see Experimental showed transient deactivations during perceptual Procedures). Gradually increasing the average lumitransitions. These findings identify a set of brain renance contrast (dot density in the figure relative to backgions sensitive to visual awareness and suggest that ground) evoked perceptual pop out. During subsequent medial temporal structures may provide backward contrast reduction, perceptual awareness persisted in signals that account for neural and, thereby, percepgeneral down to and beyond this threshold, until perceptual hysteresis.
was a decay of activity after pop out. In perceptually negative trials, this manifested as a reverse hysteresis The opposite comparison-probing greater responses during the primed second, as opposed to the first per-(i.e., greater activity during contrast build-up than during degradation). In trials with perceptual hysteresis, the cept-showed activation in both medial temporal cortices ( Figure 2B ). Although activity of the medial temporal fMRI signal during the phase of degrading contrast was greater than compared to those without. This hysteresiscortex did not correlate with the presence of a percept per se, it increased following the first pop out and rerelated phenomenon effectively reversed the adaptation-associated deactivation. Consequently, activity in mained elevated throughout the remainder of the session, demonstrating only transient decreases at perceptrials with perceptual hysteresis reached similar levels with both increasing and degrading contrast, but this tual transitions (as confirmed in trial-by-trial event-related analyses of all the pop outs and drop outs). neural hysteresis effect was not large enough to produce a net activation in these trials because of attenuation In the next step, we confined our analysis to the first run i.e., the run in which perceptual hysteresis occurred, by adaptation effects (Figure 3) . Hence, evidence for neural hysteresis in this area remains indirect. and compared brain activity during increasing and decreasing stimulus contrast. We plotted MRI signal inIn trial-by-trial event-related analyses, we confirmed that all of the percept-sensitive areas showed transient tensity as a function of stimulus contrast (instead of experimental time) by folding activity during stimulus activations linked to the individual timing of pop out and drop out across trials. This result suggests that degradation back onto activity during stimulus build-up (Figure 3 ; see also Figure 1 ). We used the behavioral sustained activation in these areas between pop out and drop out was related to the duration of the percept data to individually identify trials in which perceptual hysteresis occurred (i.e., at least two contrast steps in each trial. While psychophysical experiments have pointed to both qualitative and quantitative differences separated pop out and drop out). These were analyzed separately from trials in which pop out and drop out in the attentional consequences of object appearance and disappearance (Samuel and Weiner, 2001) , we occurred at similar contrast levels (less than two contrast steps of difference). This procedure had the advanfound the same qualitative (spatial) event-related response pattern for both pop out and drop out. There tage of ensuring that any hysteresis in the fMRI data could not be interpreted as an effect of hemodynamic was, however, a quantitative difference in that responses to pop out were significantly greater than those latency or responses of single voxels (e.g., from draining veins). Since these possible confounding factors were to drop out (p Ͻ 0.001) in all percept-sensitive areas, in line with the notion that object appearance is a more constant across trials, hysteresis in the fMRI time course data that correlated with perceptual hysteresis could be salient perceptual event than disappearance. Given the presence of event-related activations at confidently related to differential neural activity between such trials. times of perceptual change (both pop out and drop out), the hysteresis appearing in the average activity plots in Significant hysteresis effects were observed in the fMRI time course data in all of the percept-sensitive Figure 3 could result from a temporal smearing of eventrelated responses to jittered drop outs which, in trials areas but were not seen in trials without perceptual hysteresis (Figure 3 ). An exception to this general behavwith perceptual hysteresis, occur at lower contrast lev- The results from this analysis confirmed that activity in percept-sensitive areas in inferior parietal, premotor, and prefrontal cortex shown in Figure 2 was significantly (p Ͻ 0.05) greater when identical physical stimuli evoked a meaningful percept than when they did not. Again, lateral occipital cortex did not show this pattern for the reasons detailed above. In addition to hysteresis in percept-sensitive brain areas, this analysis also revealed bilateral activation of the same medial temporal regions identified in comparisons between runs with identical stimuli (see above and Figure 2B ). Thus, not only were they more active during the second run (as opposed to the first run with the same percept), but they were also more active within the first run when a percept was maintained during contrast degradation, compared to identical visual stimulation during contrast build-up that preceded the pop out.
Together, our findings suggest that a meaningful percept is associated with enhanced neural activity in a distributed set of associative visual and higher-order brain structures. The neural hysteresis effects we observed are not accounted for by physical stimulus properties (such as contrast level or frame length) because these were identical in the hysteresis range. A remaining problem is that when perceptual hysteresis occurs, the obtained from the subjects in the main study. This approximation proved adequate, since we found a very similar spatial distribution of signal changes that correDiscussion lated with the time course of perception in the main study (Figure 4 ). When analyzing activity in these areas Perceptual hysteresis was recognized by psychologists as a function of stimulus contrast, we found somewhat of the Gestalt school (Sekuler, 1996). It can be generated less-pronounced peaks close to the times of inferred by mathematical models of perception that are based perceptual change but again observed a clear-cut hyson psychophysical observations (Kelso, 1995) , but the teresis effect (Figure 4) . That this activity enhancement underlying neural processes are not understood. In this correlates with perceptual awareness remains an inferstudy, we used a visual paradigm that can elicit percepence, but it cannot be related to an active execution of tual hysteresis, and we found that if, and only if, this a task. Interestingly, in this experimental setting, pooled happened, neural hysteresis occurred in a distributed data showed a clear hysteresis effect in ventral lateral network comprising several distinct brain structures. occipital cortex activity. This result suggests that both Hysteresis was used to dissociate neural activity related the adaptation of lateral occipital responses we saw with to explicit perception, and awareness from the activity repeated stimulus presentations in our main experiment related to physical stimulus properties. and occluded hysteresis were at least partially driven Some components of the distributed responses we by the instruction to report perceptual transitions. This found may reflect the use of letters as visual object interpretation is compatible with previous demonstracategory ( Figures 3 and 4) . This percept-related activation is particularly noteworwere presented with undegraded versions. Comparing blood flow responses to the two repetitions of identical thy in LOC because one of its prominent response properties is adaptation (i.e., a reduction of response with stimuli, they found greater activity once the pictures were recognized in ventral visual areas specific to the stimulus repetitions). This LOC response property occurs not only with trains of identical stimuli, but also visual category of the pictures (objects versus faces). They also reported medial and lateral parietal activations with trains of stimuli which, despite constant perceptual meaning (invariance), differ in physical properties such in response to recognition that were common to both categories. ) investigated differences in the temporal pattern of activity clinical phenomenology e.g., expressing predominantly attentional (neglect) or explicit perceptual disorders (aglevels immediately preceding and following recognition, as a function of priming. They used a gradual unmasking nosias), share the common feature of an uncoupling of (implicit) perception and awareness (Farah and Feintechnique similar to that used in our study (i.e., with periods of stimulus build-up in the first and [primed] berg, 1997). This suggests that the emergence of perceptual awareness has a composite, rather than a unitary, second trials). Responses to the types of visual objects under investigation in that study were found in frontal, cognitive correlate and a distributed, rather than a localized, neural correlate. In our experiment, hysteresis (i.e., parietal, and peristriate cortex and, most prominently, in the LOC. Responses in all foci showed response adactivation during prolonged maintenance of a percept in spite of degradation of the stimulus) corresponds aptation. The main finding was that, after priming, recognition occurred at lower contrast levels and that associconceptually to a neural signature of visual awareness, rather than of other specific contributing cognitive funcated responses were thus evoked earlier but reached the same peak value. Additionally, however, differences tions. It is, therefore, not surprising that we found hysteresis effects distributed across a number of regions, in polynomial fits of the data with positive third-order coefficients for the primed, but not the nonprimed, trials including predominantly right-sided inferior parietal, premotor, and inferior frontal cortices. This finding supsuggested that the timing of peak activation for primed trials was shifted to the prerecognition period of the ports the idea that multiple cognitive functions beyond input processing are involved in sensory awareness. (1) They used rich composite stimuli that could be recognized in a gradual objects across contrast manipulations that remain in the perceptual range (Malach et al., 1995) . Our approach way, reflecting multiple successful recognitions at the component level. We attempted to minimize the imporhere is orthogonal because we compared activity under tance of processing at a subcategorical level by using The aforementioned neuroimaging findings and theoretical considerations converge to identify brain strucvisual letters (i.e., stimuli that are not themselves composed of other meaningful percepts). (2) They used brief tures involved in visual object perception from their functional behavior. Yet, the more fundamental issue and masked presentations or gradual presentation to focus on activity at or close to the time of recognition is whether local computations in these structures fully account for perceptual synthesis. Both theoretical mod-(i.e., the onset of a percept). In our study, we used slowly waxing and waning stimulus contrast to address pop els (Carpenter and Grossberg, 1993; Ullman, 1995) and studies in nonhuman primates (Miyashita et al., 1996 ; out and the ensuing presence of a percept separately, identifying associated activity by transient and susNaya et al., 2001) suggest that perceptually successful processing of sensory input in visual association areas tained regressor shapes, respectively. Hysteresis was relatively short in relation to hemodynamic latencies, could depend on signals received from higher-order structures. and it is, therefore, important to realize that the associated sustained activity was not only modeled differently, But how would activity in these higher-order structures change over time in our experimental setting? If but also occurred with a different timing than the activations related to perceptual change. The epochs over formulated according to predictive coding, the computational aim of a structure providing a top-down signal which hysteresis was observed (conditions 2 and 4 in Figure 1 How can these colocalized transient and sustained courses we observed in the medial temporal lobe (and only there) are in accordance with both of these patterns responses be related to the neural processes underlying visual perception? If framed in terms of "generative (i.e., transient deactivations during perceptual changes) ( Figure 2B ) and sustained activation during hysteresis models" and, in particular, "predictive coding" models (Hinton and Ghahramani, 1997; Rao and Ballard, 1999), (Figure 3) , as well as a carryover into the second cycle with the same stimulus ( Figure 2B ). associative cortical areas may function by matching inputs received by lower cortical stations with a top-down If tentatively interpreted this way, our findings provide a further illustration of how visual object recognition signal that attempts to predict this input. In this formulation, it is inferred that patterns of neural activity fall into involves an interplay between ventral temporal cortex and the medial temporal lobe system (Tanaka, 1997). If one of two classes. First, activity can be elevated during the interval between the onset of a percept and its disapperceptual awareness relies on the interaction of a topdown signal with sensory input in visual association pearance. This sustained activity represents a successful perceptual interpretation (i.e., the joint presence of areas, one would predict the top-down signal to delay, but not indefinitely prevent drop out, thus yielding the a sensory input and a matching signal, corresponding to a high-level representation). By virtue of the hysteresis hysteresis we observed in stimulus-response functions of percept-sensitive areas. This speculative interpretaeffect we were able to delay and thereby dissociate the activity related to sustained perceptual awareness from tion of our findings in medial temporal cortex is in accordance with theoretical models ( tion of these effects is congruent with the regional functional properties derived from other activation studies.
Imaging Data Analysis
We identified a response pattern in medial temporal reported, then switches to "ON" (3 and 4) and stays there until the vertically, respectively. In this background field of 640 ϫ 480 pixels, drop out is reported when it reverts to "OFF" (5) until the next pop every tenth pixel was a white dot, and the others were black. With out, and so on and so forth. This means the data points are split into the onset of scanning, a constant but randomized fraction of these two populations as a function of whether the subject is perceiving a dots (20%) were replaced with each scan volume. Additionally, dot visual letter (3 and 4) or not (1, 2, and 5). Hysteresis in the perceptual density increased step-wise within a mask defining a letter by incretime courses does not necessarily mean hysteresis in the fMRI signal menting dot occurrence in 0.4 steps (i.e., every 10 th , then every 9.6 th , of areas mapped this way. This is because the respective data then every 9.2 nd dot being white, etc. and applying the same 20% points (from conditions 2 and 4) form a very minor fraction of the refresh rate with each frame as in the background). Both background overall time course and are easily overridden by the rest of the data. and mask were subdivided into smaller fields into which randomizaTherefore, the occurrence of neural hysteresis was verified in the tion was constrained, yielding smoother luminance distributions and fMRI signal time courses from percept-sensitive areas (adjusted thus avoiding spurious dot agglomerations. For each of the four to real-time course data) and in a dedicated contrast. This latter comeight sessions per subject, a different letter mask, position, and size parison contrasted hysteresis condition 4 against the prepercept were chosen, although all masks covered the central fixation point. hysteresis condition 2. The notion of hysteresis requires greater Absolute vertical extent of the letters ranged from 180 to 240 pixels, activity in this contrast and also perceptual responsiveness, which corresponding to a height of approximately 3.5Њ to 5Њ visual angle.
we verified by inclusive masking with the percept-sensitive activaAt far supra-threshold levels for letter recognition (i.e., subtotal actions (see above, at p Ͻ 0.001). Where appropriate, statistical infercumulation of dots within the mask), the direction of contrast change ence was corrected for multiple nonindependent comparisons using was reversed, yielding a gradual decrease of dot density within the Gaussian random field theory. mask down to background (Figure 1 ). This run was immediately repeated a second time during ongoing scanning (i.e., during each fMRI time series a different letter stimulus was built up and degraded Acknowledgments twice). In the first study, six subjects performed right hand key presses to indicate perceptual pop out and drop out in both runs.
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